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1. INTRODUCTION

1.1 Overview

Hydraulic design of highway drainage structures (e.g., bridges and culverts) is
often based upon a design rainfall intensity, which is derived from intensity-duration-
frequency (IDF) maps. Current IDF maps for highway drainage design in Arkansas were
derived from information contained in the National Weather Service (NWS) Technical
Paper 40 (TP 40) (Hershfield, 1961), which is also the traditional source of design rainfall
information throughout the United States. However, TP 40 was published more than 45
years ago and, although based on the best available data and most appropriate statistical
procedures for the time, the depth-duration-frequency (DDF) information contained in
the document has become outdated. The Arkansas State Highway and Transportation
Department (AHTD) decided to update their rainfall IDF maps by analyzing
approximately 50 years of additional rainfall data and using new statistical procedures
and regionalization approaches. Therefore, the new maps may be viewed as an update to
the previous maps and should be considered to supersede them. The University of Utah
was contracted to perform the data collection and pre-processing, frequency analysis, and
production of final DDF maps. This report describes the data sources and analysis

procedures, and provides a summary of the accompanying products.

1.2 Objectives

The goal of this project was to create a new set of rainfall DDF maps for the State
of Arkansas. The outcome of accomplishing this goal is enhanced ability to represent
extreme rainfall characteristics in Arkansas to improve design of highway drainage

structures. To accomplish the project goal, the following objectives were accomplished:

e A thorough literature review was completed. Past and current approaches to
develop DDF maps were reviewed and the state-of-the-practice was established.

Studies recently performed in Oklahoma and Texas by the U.S. Geological
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Survey (USGS), Michigan by the Michigan Department of Transportation and
Michigan Technological University, Alabama by The University of Alabama and
Alabama Department of Transportation, and in the mountain west states by the
National Weather Service were closely scrutinized to define the methods to use
for this project.

o The depths of extreme rainfall in Arkansas were estimated at rainfall
measurement stations (gaging stations) for the 2-, 5-, 10-, 25-, 50-, 100-, and 500-
year recurrence intervals, and for durations of 15 and 30 minutes and 1, 2, 3, 6,
and 12 hours, and 1, 3, and 7 days.

e Methods of regionalization and spatial interpolation of rainfall estimates were
compared and contrasted to identify the appropriate technique to use to define
extreme rainfall characteristics at ungaged locations in Arkansas. A spatial
smoothing approach incorporating distance from ungaged location and length of
record was selected and used.

o The results of this study were compiled in this report, accompanying documents,

and GIS datasets with a graphical user interface.

1.3 Overview of Report and Accompanying Documents

The remainder of the report is divided into five parts: Previous Studies, Arkansas
Climate, Data Collection and Processing, Frequency Analysis, and Production of Final
Products. Each part summarizes the decision process that led to the techniques
implemented, briefly describes the techniques, and provides references for further details.
The final report is accompanied by a CD containing the raster parameter databases, the
ArcGIS project to access the databases, and the VB tool installer. In addition, a map book

was produced as a separate document for those not interested in the methods.
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2. PREVIOUS STUDIES

In May, 1961, the U.S. Weather Bureau published Technical Paper (TP) 40
(Hershfield, 1961) that was "...intended as a convenient summary of empirical
relationships, working guides, and maps, useful in practical problems requiring rainfall
frequency data...", and covered the entire conterminous United States. TP 40 describes
the rainfall analyses that were performed in that study, and presents isohyetal maps and
seasonal variation diagrams for rainfall durations from 30 minutes to 24 hours, and for
recurrence intervals from 1 to 100 years. Since its publication, TP 40 has been a standard
source of U.S. rainfall information for use by practicing engineers and hydrologists.

By the mid- to late-1970's, it was recognized that for storm durations of less than
1 hour, ratios of sub-hourly to hourly rainfall values which had been published in TP 40
were in need of revision as they had a discernible geographic pattern. This combined to
generate support for the publication of the NOAA Technical Memorandum NWS
HYDRO-35 in June, 1977 (Frederick et al., 1977). HYDRO-35, as it is commonly
known, presents information on hourly and sub-hourly rainfall extremes for the Eastern
and Central United States (the 37 states from Texas to North Dakota and eastward).
HYDRO-35 contains isohyetal maps of precipitation-frequency values for durations of 5,
15, and 60 minutes at recurrence intervals of 2 and 100 years. It also gives interpolation
equations to derive 10- and 30-minute duration values, as well as for recurrence intervals
between 2 and 100 years.

Because of the orographic effects caused by the high mountain ranges in the
western United States, rainfall characteristics in that region should be expected to have
more complex spatial variability than in other regions. Recognizing that TP 40 did not
adequately address this issue in the western United States, the NWS developed the
NOAA Atlas 2 (Miller et al., 1973). The NOAA Atlas 2 was published in 11 volumes,
with each volume being devoted to rainfall in each of the 11 western states. The NOAA
Atlas 2 contains isohyetal maps for 6- and 24-hour storm durations, and also presents

methods by which depths of rainfall for other durations may be estimated. Like HYDRO-
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35, the NOAA Atlas 2 supersedes TP 40 where the two documents may yield differing
rainfall estimates.

The ages of the most widely used publications (TP 40, HYDRO-35 and the
NOAA Atlas 2) for obtaining information on extreme rainfall characteristics has led to a
number of state- and regionally-sponsored studies intended to update those publications.
In Washington State, an effort by Schaefer (1990) to support dam safety analyses
involved the determination of the annual series of precipitation extremes for durations of
2, 6 and 24 hours. Because of large differences in precipitation characteristics in various
parts of Washington, the state was divided into several homogeneous regions. L-moments
were employed for distribution fitting, and supported the adoption of the generalized
extreme value (GEV) distribution. A 1997 study, also to support dam safety analyses,
was conducted by the U.S. Geological Survey (USGS) for the State of Montana (Parrett,
1997). Procedures employed in that study were virtually identical to those used in the
Washington study.

A study of rainfall frequencies in the Midwest (Illinois, Indiana, Iowa, Kentucky,
Michigan, Minnesota, Missouri, Ohio, and Wisconsin) was published in 1992 by the
Midwestern Regional Climate Center in Champaign, Illinois (Huff and Angel, 1992).
Data series employed were based on annual maximum series, but results were presented
in terms of partial duration series using conversion factors presented in the report. Only
data series containing at least 50 years of record were used. Log-log graphical analyses of
the data was performed (as opposed to the common method of fitting a probability
distribution), and isohyetal maps were published showing precipitation depths for
durations from 1 hour to 10 days and recurrence intervals from 2 months to 100 years.

In 1993, an Atlas of Precipitation Extremes for the Northeastern United States
and Southeastern Canada was published by the Northeast Regional Climate Center in
Ithaca, New York (Wilks and Cember, 1993). This atlas covered the 12 States of
Connecticut, Delaware, Maine, Maryland, Massachusetts, New Hampshire, New Jersey,
New York, Pennsylvania, Rhode Island, Vermont, and West Virginia. It also included
data for locations in the southern parts of the Provinces of Ontario and Quebec in Canada.
Partial duration data series were employed, in which the total number of data values were

equal to the number of years of record, and data series were modeled using the Beta-P
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distribution for all durations. The atlas contains isohyetal maps of rainfall depths for
recurrence intervals from 2 to 100 years and durations from 1 to 10 days.

Subsequent to the 1993 study, the Northeast Regional Climate Center published a
second study in 1995 (McKay and Wilks, 1995) extending the analyses to durations from
1 to 3 hours. This second study performed actual data analyses for these short durations,
whereas the first study (Wilks and Cember, 1993) merely presented adjustment factors
based on studies in other parts of the country. Actual data analyses led to lower rainfall
amounts for a given duration and recurrence interval than did simple adjustments.

The Florida Department of Transportation commissioned two studies of rainfall
extremes in that state, with both studies being completed at the University of Central
Florida (Wanielista et al., 1996a, 1996b). The first of those studies developed intensity-
duration-frequency (IDF) curves on a county-by-county basis for Florida, and also
presented maps of parameter values that could be used to generate IDF curves at any
desired location in the state. Both annual and partial duration series data values were
employed, but study results were presented in terms of annual series values only.
Following the lead of an earlier study of rainfall extremes in the State of Louisiana
(Naghavi et al., 1991), the log Pearson Type 3 distribution was used for data modeling.
IDF curves were presented for durations from 10 minutes to 12 hours and recurrence
intervals from 2 to 500 years. The second of the two Florida studies concentrated on
longer durations and presented isohyetal maps for durations from 1 to 10 days and for
recurrence intervals from 2 to 100 years.

The Texas Department of Transportation recently sponsored the USGS to perform
a study of extreme rainfall in that state (Asquith, 1998). The study focused on rainfall
durations from 15 minutes to 7 days and recurrence intervals from 2 to 500 years. L-
moments were used for fitting the generalized logistic distribution to data for durations
from 15 minutes to 24 hours, and the GEV distribution to data for durations from 1 to 7
days. Unlike all previous rainfall studies, the Texas one presented contour maps of the
parameters of the probability distributions for all durations of interest. These parameters,
combined with quantile equations (provided in the report), can be used to estimate

rainfall depths corresponding to the desired recurrence interval.
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In Oklahoma, the USGS completed a project with support from the Oklahoma
Department of Transportation (Tortelli et al.,, 1999). The methods implemented were
nearly identical to those used in the Texas study. The final product was a database for
geographic information systems (GIS) in which rainfall depths for selected durations and
recurrence intervals were reported on a regular grid. In Alabama, Durrans and Brown
(2002) developed an Internet-based rainfall atlas for the state. They selected the GEV
distribution and used L-moments for parameter estimation purposes. A spatial smoothing
algorithm was used to estimate the distributional parameters at an ungaged site of
interest. The rainfall atlas was incorporated into a Java-based Internet graphical user
interface.

The Hydrometeorological Design Studies Center (HDSC), Hydrology Laboratory,
Office of Hydrologic Development, U.S. National Weather Service has updated its
precipitation frequency estimates for the Semiarid Southwestern United States. Updated
precipitation frequency estimates contained in NOAA Atlas 14 Volume 1 “Precipitation
Frequency Atlas of the United States™ replace those found in Technical Paper No. 49
"Two- to ten-day precipitation for return periods of 2 to 100 years in the contiguous
United States" (Miller et al., 1964), NOAA Atlas 2 “Precipitation-Frequency Atlas of the
Western United States” (Miller et al., 1973), “Short Duration Rainfall Frequency
Relations for California” (Frederick and Miller, 1979) and “Short Duration Rainfall
Relations for the Western United States” (Arkell and Richards, 1986) for the semiarid
region. The project included data collection and quality control, dataset formatting,
regional frequency analyses, frequency distribution selection and fitting techniques, and
spatial interpolation with reports and other documentation to follow. The project
determined annual alL-season precipitation frequencies for durations from 5 minutes to
60 days, for return periods from 2 to 1000 years. For the project, HDSC reviewed and
processed all available rainfall data for the semiarid project area and used accepted
statistical methods. In particular, the semiarid project was the pilot project in which
decisions regarding the methods and format were made that affect subsequent projects.
The results are published as Volumes of NOAA Atlas 14 on the Internet
(http://hdsc.nws.noaa.gov/hdsc/pfds/) with the additional ability to download digital files.
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3. ARKANSAS CLIMATE

The State of Arkansas is located between 33° and 37° north and 89° and 95° west.
The macroscale climate of Arkansas is basically influenced by the seasonal north-south
migration of the polar front and its attendant jet stream, similar to other middle latitude
locales. During the summer, the polar front is generally north of Arkansas, so relatively
warm and moist air with its origin from the Gulf of Mexico will dominate the climate.
Occasional cold front passages will result in summer rainfall from these tropical air
masses; however the primary control of Arkansas summer climate is the Texas
anticyclone which is oriented northeast-southwest. About 90% of the precipitation
occurring over Arkansas has its origin from maritime tropical air masses which pass
through the state during late spring, summer, and early fall. During the winter, the polar
front will be over and/or south of the state which results in cool to cold weather
conditions. The continental polar air masses characterized by dry and cold conditions are
most common in late fall, winter, and early spring.

The mesoscale weather of Arkansas is linked to its topographical features. Much
of the west and north of the state is hilly and mountainous, while in the southern part
there are a number of narrow east-west valleys. The Ozark Plateau and particularly the
Boston Mountains act as a barrier for moisture moving from the Gulf, so the northern
counties receive a reduced quantity of precipitation. On the other hand, enhanced
precipitation will occur over the southern parts. In fact, the highest section of Ouachita
Mountains receives the largest mean annual precipitation because of orographic lifting.

Arkansas climate is placed in the humid subtropical category of the K&ppen
classification and it is generally warm and humid, with hot summers and mild winters.
The climate of western and northern parts of the state is usually a little cooler with greater
temperature extremes, lower humidity and less cloudiness. Average temperatures
controlled by latitude decrease from south to north with little variations of maximum or
minimum temperatures over the state. Summer monthly temperatures are around 80° F

across the state. Maximum temperature of more than 100° F may sometimes occur during
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July and August. Winter monthly temperatures vary from approximately 35° F in the
north to approximately 45° F in the south. Freezing temperatures are recorded in the
northern part of the state during January and February. The average annual temperature
for the period of 1900 to 2004 was 60.7° F (National Oceanic and Atmospheric
Administration, 2005).

Precipitation in Arkansas is mostly in the form of rain showers. Annual
precipitation totals vary from 45 to 55 inches across the state and are fairly evenly
distributed throughout the year. The mean annual precipitation map for the United States
shows the isohyets are oriented north-south and the precipitation decreases from
southeast to northwest of Arkansas. Snowfall occurs mainly in the northwest whereas it is
generally light in some parts of southern and eastern Arkansas. Winter and ice storms are
rare, but can be severe.

Arkansas experiences on average 100 rainy days per year. Despite abundant
rainfall, rain-free periods and droughts occasionally occur. December through January is
the wet period in the south; while March, April and May are the wet months in the north.
Heavy local rains frequently produce storm depths of 5 to 10 inches; the 100-yr, 24-hour
rainfall depth from TP-40 is 8.5 inches in central Arkansas. Although the occurrence of
disastrous floods is rare, the flood of 1927 inundated 20% of the State’s total area.
Depending on the precipitation pattern, the amount of runoff ranges from 12 to 32 inches
per year (Freiwald, 1985). Average annual evaporation from shallow lakes ranges from
about 36 inches in the northeast to about 44 inches in the southwest (Faransworth et al,,
1982). The small spatial variability of Arkansas’ rainfall patterns provides preliminary
guidance for the regionalization analysis to be performed during the rainfall frequency

analysis.
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4. RAINFALL DATA COLLECTION AND PROCESSING

4.1 Data Source and Screening

The best data available were obtained for this project and methods for pre-
processing and data testing were selected to closely follow procedures used in recent
studies by the USGS, The University of Alabama, Michigan Technological University,
and the NWS. Rainfall data compiled by the National Climatic Data Center (NCDC)
were obtained on CD-ROMs from two third party vendors: Earthinfo, Inc. and
Hydrosphere, Inc. All data available within the State of Arkansas were extracted from the
CDs and combined with data from adjacent states that were from rain gages located
within 50 km (~ 31 miles) of the border of Arkansas. The 50 km boundary was found in
previous studies to be sufficient to limit edge effects near the border (Tortorelli et al.
1999). The overall criterion for retaining data in the analysis was the minimum length of
record of ten years (either individually or after combining with adjacent gage — see

below), and additional duration specific criteria were used as explained below.

4.1.1 Daily Data Characteristics

Daily data were extracted from the EarthInfo CDs containing processed
precipitation gage records archived by the NCDC. Files on these CDs were compiled by
EarthInfo Inc. in a manner which made them convenient for export into the appropriate
programs for analysis. Data collected had been recorded in units of inches per day.

Processing precipitation data for frequency analysis requires addressing missing
or accumulated data since they can lead to errors in statistical analysis of the data. To
allow for the analysis to approach the population values by extrapolation, criteria for
retention of data in the record and eventually retention of the record were set for this
project. Criteria were selected to be consistent with the criteria used by the NWS in the
preparation of the National Precipitation Frequency Server as described in NOAA Atlas
14, Volumes 1 and 2. For the daily data processing, we used different durations (1-day, 3-
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day, and 7-day) than the NWS, so we had to adjust the criteria slightly. For the 1-day

annual maxima the criteria were as follows:

e Ifall days in a month were missing that month was deleted.

e If more than 10 days in a month were missing, and the maximum
precipitation for that month was 0.00 inches then the respective month was
deleted.

e If 15 days or more were missing in a month, and the maximum for that
month was less than 30% of the average 1-day maximum precipitation

over the period of record at that station, the month was deleted.

NWS criteria contained guidelines for 2-day, and 4-day durations, but our analysis is
being performed for 3-day duration. We chose to use the 2-day criteria for the 3-day
duration data. This produced the following criteria:

e Ifonly a single day of data was present for a given month, the month was
deleted.

e If more than 10 days in a month were missing, and the maximum
precipitation for that month was 0.00 inches then the respective month was
deleted.

e If 15 days or more were missing in a month, and the maximum for that
month was less than 30% of the average 3-day maximum precipitation

over the period of record at that station, the month was deleted.

For the 7-day annual maxima the following criteria were followed:

e If more than 93% of the days in a month were missing, the month was
deleted.

o If 50% of the days in the year were missing, and the maximum
precipitation for the year was 0.3 inches or less, the year was set to

missing.

10
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EarthInfo Inc. in a manner which made them convenient for export into the appropriate
programs for analysis. Data collected had been recorded in units of inches.

Criteria for retention of hourly data records were again selected to be consistent
with the criteria used by the NWS in the preparation of the National Precipitation
Frequency Server as described in NOAA Atlas 14, Volumes 1 and 2. For the hourly data

the criteria were as follows:

e If the hours available for a month were less than the duration, the month
was invalid and the maximum precipitation for that month was set to
missing.

o If 240 hours or more were missing in a month and the maximum
precipitation for that month was less than or equal to 0.01 inches, the
month was deleted.

e If 50% or more hours were missing in a month, the month was deleted.

If 50% of the months in a year were deleted for any duration, the annual
maximum for that year was set to missing. In summary, hourly data employed for the
Arkansas DDF project were available at 279 gaging sites. Additional data testing (see
below) was performed on each record resulting in an additional 150 sites being
eliminated. Figure 2 shows the spatial distribution of the 129 hourly gages used in the

frequency analysis.

4.1.3 Sub-Hourly Data Characteristics

Sub-hourly (15-minute) data were extracted from the Hydrosphere Data Products
Inc. CDs containing processed precipitation gage records archived by the NCDC. Files on
these CDs were compiled by Hydrosphere in a manner which made them convenient for
export into the appropriate programs for analysis. Data collected had been recorded in

units of inches.

12
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Once the record integration was complete, the next step was to compute the
annual maxima series (AMS). The choice for the annual series (instead of the partial
duration series (PDS)) was based on the observation that highway drainage design in
Arkansas is typically based on storm recurrence intervals of at least 10 years. It is
generally recognized that analyses based on AMS and PDS yield results that are
essentially the same for recurrence intervals of 10 years or more. Moreover, the modeling
of annual series is simpler and is the most appropriate for this project. The AMS for each
gage was determined for the following durations: 7-day, 3-day, and 1-day (based on daily
rainfall data), 24-hr, 12-hr, 6-hr, 3-hr, 2-hr, 1-hr (based on hourly data), and 60-min, 30-
min, and 15-min (based on 15-minute data).

There are three possible choices to define the duration of a year: (1) calendar year
- January 1 to December 31, (2) water year — October 1 to September 30, or (3) the
climatic year — September 1 to August 31. Previous studies suggest the choice does not
affect results significantly; therefore, for simplicity we chose to compute the AMS for

years corresponding to January 1 to December 31.

4.3 Data Testing

Checks were made for outliers and tests were performed to ensure that data met
the fundamental statistical criteria of randomness, homogeneity, and stationarity. If data
failed a particular test appropriate corrective measures were considered as described
below or the record was removed from the pool used for the subsequent frequency

analysis. The data testing involved the following four steps:

1. Identify and remove outliers

2. Test for randomness

3. Test and correction for trends/stationarity (abrupt and gradual)

4. Test for spatial homogeneity and assessment of regionalization approach.
4.3.1 Outliers

Testing and correction for outliers was divided into two steps. The first step was to

test for gross outliers using thresholds defined for each duration:

15
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e 7-day: 0 <R <20 inches
e 3-day: 0 <R <15 inches
e 1-day: 0 <R <10 inches
e 24-hr: 0 <R <10 inches
e 12-hr: 0 <R <9 inches

e 6-hr: 0 <R <8 inches

e 3-hr: 0 <R <6 inches

e 2-hr: 0 <R <5 inches

e 1-hr: 0 <R <4 inches

e 60-min: 0 <R <4 inches
e 30-min: 0 <R <3 inches

e 15-min: 0 <R <3 inches

These thresholds were selected to approximately represent the 100-yr rainfall depth from
TP 40 for the specified duration. If an AMS contains a value that is greater than the
threshold the raw data was inspected closely to ascertain the reason for the exceedance
and a determination was made to either accept the data as real or to delete it and replace
with the ‘missing’ designation. Nearby records were used to corroborate anomalies.
Several gross outliers were identified, but all were verified by comparison to adjacent
gages; therefore no adjustments were made to the AMS.

The second step was to statistically identify outliers using Rosner’s test. Due to
the normality assumption of Rosner’s test, the AMS was log-transformed and then tested
for normality at the 10% significance level. Rosner’s test also requires a minimum
sample size of 25. If a record did not have 25 years the Dixon and Thompson test was
performed instead. Initially three extreme points were tested, and if all three were
identified as outliers then the number was increased by one, and the test re-run. This
incremental process was repeated until enough outliers were included in the test to
include all detected. Recent developments in statistical modeling of hydrologic data have
shown that, when trying to predict large quantiles (large precipitation amounts),

identification of low outliers is important. On the other hand, when trying to predict small

16
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quantiles, identification of high outliers is important (Klemes, 1986; Moon and Lall,
1994; Durrans, 1996; Wang, 1997). Since interest is focused on large quantiles for this
project, testing of data series for the presence of low outliers was performed (we assumed
the gross outlier check would identify the extreme high data errors). As with the check

for gross outliers, all identified outliers were checked by manual inspection of records.

4.3.2 Randomness

To test for randomness, we used the Runs Test described by Kottegada (1997).
Most other studies reviewed for this project did not include a test for randomness, but
instead assumed the data to be random if they satisfied outlier and trend tests. But we
decided to perform a simple test for randomness to identify potentially important biases.
On average 13% of the daily records, 14% of the hourly records, and 17% of the 15-
minute records were determined to have non-random characteristics. To be consistent
with other studies we decided not to eliminate these records from further analysis, but
instead to make a note and if subsequent tests did not indicate a problem the AMS would

be retained in the frequency analysis.

4.3.3 Homogeneity

The homogeneity tests were divided into two parts. First, the AMS was checked
for abrupt or episodic changes and then the presence of gradual trends was tested. Plots
(bar charts and line graphs of the AMS) were created and visually assessed for
nonhomogeneous characteristics due to abrupt or episodic changes. The plots were
closely inspected for all gages that had data combined with other gages. We looked for
changes in central tendency over time and changes in the spread of data over time — any
changes identified were carefully checked and physical reasons for the observed changes
were sought. For those series that visually suggested an abrupt or episodic change, the
Mann-Whitney U test (also known as the Wilcoxon Rank Sum Test) was performed.

For the second part of the temporal homogeneity test, we tested for secular trends
(monotonically increasing or decreasing trends) using the Mann-Kendall nonparametric
test and Spearman-Conley test. For each identified trend X-Y scatter plots were created

and linear regression performed and slope of regression tested for significance as an

17
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5. FREQUENCY ANALYSIS

The objective of frequency analysis is to estimate how often a specified event will
occur (Hosking and Wallis 1997). It is a general procedure that can be applied to any type
of data. When applied to hydrologic data (e.g., rainfall, runoff) frequency analysis can be
divided into two categories: those applied at sites where rainfall or runoff data are
available and those that can be applied at sites without data. The second category, termed
regionalization, seeks to (1) improve at-site rainfall characteristics using nearby gages
and (2) provide the capability to estimate rainfall characteristics at ungaged sites.
Common regionalization approaches were reviewed by Hosking and Wallis (1997)
including the “index-flood” procedure, hierarchical regions, fractional membership,
region of influence, mapping, and Bulletin 17B. The regionalization approach adopted for
Arkansas is similar to the methods implemented for Oklahoma, Texas, and Alabama. The
underlying assumption is that the parameters of the distribution selected to model the
frequency of annual maxima can be expressed as spatially continuous variables.

The regionalization approach used for Arkansas rainfall had seven steps: (1)
calculate L-moment statistics at each site and each duration using unbiased estimators, (2)
determine appropriate distribution for statistical-frequency modeling, (3) compute
corrected at-site mean depth accounting for fixed-interval sampling, (4) average
coefficient of L-variation and L-skewness for all durations at each site, (5§) compute
corrected L-scale from the product of the corrected mean depth and the duration-averaged
coefficient of L-variation, (6) calculate the parameters of the selected distributions at each

site, and (7) contour quantile estimates using a spatial smoothing approach.

5.2 At-Site L-Moments
L-moments are alternatives to traditional moments to describe the shape of
probability distributions. A detailed description of L-moments is contained in Hosking

and Wallis (1997). L-moments in general are given by

19
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A = ZWﬂ (1)

k=0

where an unbiased estimate of the probability weighted moment S, is computed from the

following

_ (n-1Y & (-1
T30

x;.n = ordered values of the random variable x (rain depth) where x; is the

largest observation and x, is the smallest.

The mean, scale, coefficient of variation, skewness, and kurtosis of a distribution
estimated using equation 1 are expressed by the following L-moments (A;) and L-moment

ratios (Tr)

Mean =) (3)
L-scale= 2, “4)
Coefficient of L-variation (L-CV) =7, = % 5)
1
_ As
L-skewness = 7, = —% (6)
4,
. A,
L-kurtosis= 7, =+ (7
4,

For this project, L-moments and L-moment ratios were obtained for each site and

duration using the unbiased estimators presented in Hosking and Wallis (1997).

20
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5.3 Probability Distribution Selection

Selection of a suitable probability distribution to model extreme rainfall values
can be performed using a number of approaches. Some of them are simple graphical
methods such as plotting data on probability paper. Other methods are based on statistical
goodness-of-fit tests and physical/statistical considerations. Recently the use of moment
ratio diagrams has emerged as a powerful technique to select suitable probability
distributions. The moment ratio diagram is simply a graph of the relationship between
skewness and kurtosis characteristics of candidate probability distributions. Although
moment ratio diagrams can be constructed using either conventional product moments
(the coefficient of skewness and coefficient of kurtosis), Vogel and Fennessey (1993) the
use of L-moments is preferable. However, regardless of the type of diagram employed,
one plots the theoretical relationships for several candidate distributions on the diagram,
and one also plots points computed on the basis of available data samples on the same
diagram. The task then becomes one of identifying that distribution which appears to best
agree with the pattern of the data points.

For this project, L-moment ratio diagrams were constructed for all durations.
Interpretation of the diagrams suggested both the generalized extreme value (GEV) and
generalized logistic (GLO) distributions were suitable. An additional goodness-of-fit
measure was computed following the methods of Hosking and Wallis (1997) by
considering the state as a single region. The goodness-of-fit Z statistics of the five
candidate distributions are contained in Table 3. According to Hosking and Wallis (1997)
if the absolute value of the Z-statistic is less than or equal to 1.64 then the hypothesis
corresponding to acceptance of the candidate distribution is accepted at a confidence
level of 90%. This test was formulated for a regional analysis and for this project the
entire state was analyzed as a homogeneous region. To verify acceptability of this
assumption, a heterogeneity measure (H statistic) was also computed following the
procedures outlined in Hosking and Wallis (1997). The H statistics for all durations
accompany the Z statistics in Table 3 and suggest the state is an acceptably homogeneous
region for all durations except 15 and 30 minutes. The Z-statistics of the GLO

distribution are less than those of the GEV distribution for 15 minutes and 30 minutes.
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introduced into extracted annual rainfall maxima by fixed measurement times. To prevent
the occurrence of increasing rainfall depths with increasing duration for chosen
recurrence intervals, a simple correction was made to the L-CV and L-skewness.
Following the approach taken in the development of the Alabama Rainfall Atlas
(Durrans, personal communication), the L-CV and L-skewness were averaged over all
durations at a given site. This was found to be reasonable based on inspection of the L-
CV and L-skewness values computed for each site — there was only slight variability. For
consistency this required the second L-moment for all durations at each site be adjusted to
be the product of the corrected mean rainfall (based on Weiss correction factors) and the
average L-CV.

The parameters of the GLO distribution were estimated from the corrected L-

moments by the following (Hosking and Wallis 1997)

p— ®)

o= A, sinkrw ©)

K7

§=z,—a[i— ” ) (10)

x Sinkr

The & parameter describes the location of the distribution. The a and x parameters
represent the scale and shape of the distribution.
The parameters of the GEV distribution were estimated from the corrected L-

moments by the following (Hosking and Wallis 1997)

K ~7.8590c + 2.9544¢° (11)
c= 2 _ ln(2) (12)
3+7, In(3)
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— AZK
=27 X(+x) 43
E=1, —%(1—r(1+x)) (14)

As with the GLO distribution, the ¢ parameter of the GEV distribution describes the
location of the distribution, while the a and x parameters represent the scale and shape of
the distribution. For this project, both ¢ and o have units of inches, while x is
dimensionless.

Parameter estimations for all sites and durations were performed independently of
one another. That is, there was no pooling of data from statistically homogeneous sites in
the sense of a regional analysis. Instead, regionalization is accomplished in the spatial
smoothing approach employed in this study to permit estimation of rainfall characteristics

at ungaged sites as described in the next section.

5.5 Spatial Smoothing and Quantile Estimates

Numerous approaches have been used to estimate extreme rainfall characteristics
at ungaged locations. Spatial interpolation may be accomplished using geostatistical
methods such as kriging (Asquith 1998) or a smoothing approach may be used that
incorporates weighting of length of record and location (Durrans and Brown 1998). For
this project, a spatial smoothing approach following from the technique used for studies
of Oklahoma (Tortelli et al. 1999) and Alabama (Durrans, personal communication). The
approach involved using the ArcGIS function POINTINTERP to develop raster surfaces
from the point coverage of distribution parameters. The resulting surface is developed by
assigning greater weighting to the closer sites. To include length of record in the
weighting, the product of the parameter value and the length of record was found for each
site and then the POINTINTERP function was used to derive the surface. A surface was
also found for the length of record. The surface of the length of record weighted

parameter was divided by the surface of the length of record to produce the final
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smoothed surface. This process was performed the three parameters of the GLO and GEV
distributions. The resulting parameter raster databases are included in the accompanying
CD and can be accessed by most GIS software packages. Raster calculator functions were

used to derive the quantiles using the following equations (Hosking and Wallis 1997)

AF)=¢ +%{1-%(1 —F )}‘1 for GLO (15)

HF)=¢+ %[1 ~{-m(F)F] for GEV (16)

Using quantiles estimated for each 1-km by 1-km grid cell of the surface, contours are
derived using the spatial analysis techniques. The resulting contour maps for each
duration and return period combination are shown in a series of figures at the end of this

report and in the accompanying map document.

5.6 Accuracy Assessment

The accuracy of the new products is difficult to assess because true frequency
values are unknown. It can be assumed with great confidence that using more data and
stronger statistical approaches will provide more accurate quantile estimates. The
accuracy of the spatial smoothing technique can be assessed by computing the root mean
square error (RMSE) of the surface value of the quantile at a location and the at-site
estimate of the quantile at the same location. The computed RMSE was relatively small
(Table 4a), which suggests the spatial smoothing approach effectively captures the at-site
data and provides accurate estimates at ungaged sites. Although not very telling, simple
comparisons between the revised estimates and the traditional TP-40 values were
compiled for a small set of durations and return periods to show the new values compare
reasonably to historical values, yet have higher precision and much greater spatial
resolution (Table 4b). The final assessment of the products involved comparing the

revised DDF estimates to estimates at the border obtained from revised DDF maps for
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6. GIS PRODUCTS AND GRAPHICAL USER INTERFACE

The preceding sections of this report presented rainfall data collection and
subsequent frequency analysis methods to produce the statistical distributions of the
rainfall depths and intensity estimates. The accuracy and performance of the GLO and
GEYV distributions were studied and the spatial smoothing techniques used to generate the
quantile estimates were presented. This section presents the development of the
distribution parameters and quantile raster surfaces using these techniques coupled with
GIS functionalities. The Graphic User Interface (GUI) developed to access these
parameter raster surfaces for locations within Arkansas and calculate the subsequent IDF

or DDF tables or graphs is also presented.

6.1 GIS Products

The POINTINTERP function in ArcGIS was used to generate spatially smoothed
parameter rasters using the point shapefiles as mentioned in the previous section. This
function restricts the interpolation of output raster cells to consider only the points
(raingage locations) in a specified neighborhood. In other words, the influence of a
certain rain gage location’s rainfall depth/intensity on the interpolated grid cell value
depends on its distance from the interpolated cell. The three parameter rasters generated
are 1) location factor £ 2) scale parameter o and 3) shape parameter x of the rain gage
population. Figures 4, 5, and 6 present raster surfaces containing the interpolated
location, scale and shape factors for the 15-min duration, as an example. The spatial

distribution of the parameters is similar for other durations.
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7. SUMMARY

This report describes the effort to update the rainfall depth-duration-frequency
(DDF) data for the State of Arkansas. DDF data have been the basis for local stormwater
drainage design, sizing of culverts, and design of bridges and waterways, and more.
Improvement in the DDF data will improve the safety and cost-effectiveness of the
designs. For this reason, the Arkansas Highway and Transportation Department (AHTD)
chose to update the DDF data used for their hydrologic and hydraulic design projects.

For this project, the best available data from rain gages recording at 15-minute,
hourly, and daily time increments were obtained from Hydrosphere and Earthinfo, two
third party vendors of rainfall data collected and archived by the National Oceanic and
Atmospheric Administration (NOAA). Annual maxima for 79 15-minute gages, 129
hourly gages, and 334 daily rain gages were determined for 15-minute, 30-minute, 1-
hour, 2-hour, 3-hour, 6-hour, 12-hour, 1-day, 3-day, and 7-day durations.

The annual maxima series were analyzed to compute the L-moments and L-
moment ratios for each site and for all durations. The L-moments and L-moment ratios
computed were the mean, L-scale, L-coefficient of variation (L-CV), L-skewness, and L-
kurtosis. The generalized logistic (GLO) distribution was selected to model the 15-minute
and 30-minutes annual maxima and the generalized extreme value (GEV) distribution
was selected to model the other durations. The L-moments and L-moment ratios were
corrected to account for fixed-interval sampling and to maintain monotonically increasing
depths for increasing return periods and durations. The distribution parameters were
computed at each site for all durations using the corrected L-moments and L-moment
ratios.

To estimate DDF data at ungaged locations a spatial smoothing approach was
implemented. Using geospatial technologies the distance from nearby stations and length
of record were used to derived a weighted surface of parameter values for all durations.
These derived parameter surfaces are used to compute quantile surfaces. The parameter

databases are included in the CD accompanying this report along with a graphical user
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interface (GUI) for simple access. The quantile surfaces are used to derive contour maps
of quantile values that are included at the end of this report and in the accompanying map

document.
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